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PREFACE

The work described in this report was authorized in 1954 and started in
19553 it involved laboratory work and .xposure of concrete specimens at
St. Augustine, Florida; it was part of Engincering Study Item 603.1.
Mr. Fred Anderson (DAEN~CWE-DC) was the OCE Technical Monitor when this report
was prepared.

Many people were involved in this project over this span of time.
Mr. Cecil Willetts was the original Project Leader and Mr. Alan D. Buck was the
last Project Leader. All of the laboratory work was done in the Structures
Laboratory (SL). Original overall supervision was under Mr. T. B. Kennedy:
final supervision was under Mr. John M. Scanlon, Chief, Concrete Technology
Division, and Mr. Bryant Mather, Chief, SL. The report was prepared by
Mr. Buck.

Commanders and Directors of the USAE Waterways Experiment Station (WES)
during preparation and issuance of this report were COL Tilford C. Creel, CE,
and COL Robert C. Lee, CE. Mr. F. R. Brown was Technical Director at this

time.
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Conversion Factors, Non-SI to SI (Metric)

Units of Measurement

Non-SI units of measurement used in this report can be converted to SI (metric)

units as follows:

Multiply B by
inches 25.4
angstroms 0.1
pounds (force) per 6.894757

square inch (psi)

Fahrenheit degrees 5/9

To obtain

millimetres
nanometres

kilopascals

Celsius degrees or Kelvins*

use the following formula: C = (5/9)(F - 32).
ings, use: K = (5/9)(F - 32) + 273.15.

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
To obtain Kelvins (K) read-
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CEMENT COMPOSITION AND CONCRETE DURABILITY IN SEA WATER

Background ®

1. A study to determine if sulfate attack of concrete would have any ef- '-'311:'3
fect on the degree of alkali-silica reaction that developed in the same con- ‘
crete was conceived and executed. Laboratory tests were used to characterize ) ®
the materials used and to evaluate their potential for expansive reaction or
reactions when they were used in various combinations. Field exposure and test- ' '
ing were used to evaluate 16 different concrete mixtures. Concrete specimens
were made in the laboratory and most of them were transported to the warm sea °
water exposure station at St. Augustine, Florida, the balance of the concrete ]

specimens were stored out of doors at the moderate weathering exposure station

near Jackson, Mississippi. The concrete specimens were monitored periodically
by determination of pulse velocity and by visual inspections for about 10 years.1 °
When specimens failed, some of these were returned to the laboratory for petro-
graphic examination. The results of this testing have had only limited publi-

1,2 The intent of this work was to provide opportunity for alkali-

cation.
silica reaction or sulfate attack or both to occur in a favorable environment .v“““'
(warm sea water) and to monitor the results.

2. Specimens representing these 16 concrete mixtures were installed at ‘J*IlflL
the mean-tide level at St. Augustine, Florida, in 1955-56. The mixtures in- t;uf:;f;
volved combinations of four portland cements, two granulated iron blast-furnace °
slags, three aggregates, and two types of pozzolan (fly ash and ground calcined

shale). The four portland cements included examples with high- and low-alkali

contents and high- and low-tricalcium aluminate contents. The aggregates in-

cluded reactive and nonreactive types. Three of the mixtures with high-alkali, °
high-C3
alkali-aggregate reaction and sulfate attack; three others with high-alkali,

low-C

A cement, and reactive aggregate were expected to experience both

3A cement, and reactive aggregate were expected to experience only alkali-

aggregate reaction; seven with nonreactive aggregate but high-C3A cement were ) ‘
expected to experience sulfate attack only; the remiining three were not ex-

. - !
pected to experience either kind of attack. Since two of the mixtures were e

made twice, there was a total of 18 mixtures with 16 of them being different.
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3. A description of this project and discussion of results to that time

were presented at the 1959 American Concrete Institute (ACI) Convention.

Materials, Mixtures, and Tests

Materials

4., The four portland cements used are shown below:

Tricalcium
Aluminate
RC No. Alkali (C3A%)
331 High Low
332 High High
333 Low Low
334 Low High

* Usual cement noation, C3A = 3Ca0 - A1263

5. The two pozzolans and the two ground granulated iron blast-furnace

slags that were used are shown below:

Portland Cement Replacements

Serial No. Type of Material by Solid Volume, %
AD-3(3) Fly Ash 20
AD-5(3) Calcined Shale 30
RC-216(4) Granulated Blast- 40

Furnace Slag

RC-~-296 Granulated Blast- 40
Furnace Slag

6. The aggregates that were used included:
Kind of Aggregate Relative Alkali- S
CL Serial No. and Material Silica Reactivity IR
VICKS-3 G-1(20) Coarse Crushed None  J |
VICKS-3 MS-10 Fine Dolomitic ' g
Limestone
WES-1 G-5(3) Coarse Natural Moderate
WES-1 S-8(3) Fine Siliceous
Gravel and Y ]
Sand B E
5 e
*
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Kind of Aggregate Relative Alkali-
Cl Serial No. and Material Silica Reactivity
OM-2G-2(9) Coarse Quartzite Highly
CRD-G-22(2) Fine Pyrex Glass Highly

7. The quartzite was reactive because it contained an opal matrix; the
quartzite was used to replace 5 percent of the natural gravel in some mixtures.
When the natural gravel was crushed for use in mortar bars, the quartzite re-
placement was 1, 3, and 1 percent of the 600-pm, 300-pm, and 150-um (No. 30,

50, and 100) sizes, respectively. When the replacement of natural gravel was in
concrete, the replacement with quartzite was by solid volume of the total

gravel with approximately 35 percent in the 19.0-mm to 37.5-mm (3/4- to i-1/2-
in.) size when used and the balance in the 4.75-mm to 19.0-mm (No. 4 to 3/4-in.)
size material.

8. The limestone, natural sand and gravel, and the quartzite, in differ-
ent combinations, were used in the concrete. The Pyrex glass was used only in
two of the laboratory mortar mixtures. These Pyrex mixtures were repeated for
a total of four mixtures.

Mixtures and tests

9. Various physical and chemical tests and petrographic examinations
were used to characterize the materials and some of the mortar mixtures that
were made. This included petrographic examination of some concrete specimens
from storage at St. Augustine. Specimens stored out of doors at Jackson were
inspected as well as being tested in conjunction with testing of the
St. Augustine specimens.

10. Concretes. 1In 1955, three rounds of 12 mixtures were made. Three
concrete beams, each 6 by 6 by 30 in., and nine 6~ by 12-in. cylinders were
made from each round for a total of 108 beams and 324 cylinders. Six beams
from each mixture were placed on the exposure rack at St. Augustine, Florida,
in August 1955, and the remaining beams were placed outdoors at the CL in
September 1955.

11. In 1956, three rounds of six more concrete mixtures were made as be-
fore. Six beams from each mixture were placed at St. Augustine and the remain-
ing three from each mixture were placed outdoors at ths CL, all in August 1956.
Two of these were repeats of the earlier mixtures but with 19.0-mm (3/4-in.)

instead of 37.5-mm (1-1/2-in.) nominal maximum aggregate size.

L L et T
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12. The pulse velocity and dynamic Young's modulus of elasticity (E) of
the beams kept at St. Augustine and outdoors in Mississippi were determined bi-
ennially until 1970. In mid-1971, one concrete beam from each of the 15 sets
that had not failed at St. Augustine was returned to the laboratory and given a o
final reading. These included beams 1833, 1842, 1863, 1868, 1878, 1889, 1901,
1905, 1917, 2542, 2545, 2554, 25€5, 2571, and 2587. No readings of the speci-
mens kept outdoors in Mississippi were made after the 1970 reading.

13. The cylinders were tested for static E at 28 and 90 days and for
compressive strength at 7, 28, and 90 days.

14. All of the 18 concrete mixtures had a water-cement ratio of 0.5,
slump of 2-1/2 + 1/2 in., and air content of 5 + 1/2 percent.
15. Mortar. A total of 16 mixtures were made and the bars were tested L
for length change by CRD C 123—-483 (ASTM: C 227). Fourteen of the mixtures
were different combinations of materials and two mixtures were repeats.

16. Ten mortar mixtures were made and specimens were measured for length
change by the Lerch test (CRD—232)3 (ASTM: C 452) and six other mixtures by L
the Lean Mortar Bar Test* to evaluate the sulfate resistance of the four project

cements and of the two high C,A ones (RC-332, 334) when combined with granulated

3
blast-furnace slag.

Results

Sea water

17. A chemical analysis of a sample of sea water from St. Augustine was
made in 1958; the data are shown in Table 1. The temperature of the sea water
was 82° F when this sample was taken.

Project Materials

18. Tables 2, 3, and 4 contain data for the four cements, two ground
slags, two pozzolans, and five aggregates, respectively. The most notable fea-

tures of the cements are their range in C,A and total alkali contents and dis-

3
tribution of alkalies. These are:

*  Done as described in Appendix A to the 1952 report of ASTM Committee C-1,
ASTM Proceedings, Vol 52. ® .

P
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Alkali as

Cement RC- Lalculatediféﬁ Total Alkali as N%ZS_ 520 ﬁizg
331 5 0.94 0.23 0.79
332 14,3 1.00 0.95 0.37
333 3 0.33 0.20 0.20
334 13.5 0.24 0.16 0.13

19. Inclosure 1 is a 1955 petrographic report about the five aggregates
(three types) that were used in the concrete mixtures. It points out that the
Klufa quartzite contained about l4 percent opal. Since the quartzite was used
at the 5 percent level when it was used, there should have been about 0.7 per-
cent opal in the total aggregate. This is a probable pessimum which was con-
firmed by field behavior of appropriate beams (Table 9).

20. TInclosure 2 is a petrographic report, largely X-ray diffraction (XKD),
of cements RC-332 and 334 and of two slags from the same sources as the two
project slags. It points out that while both cements are high C3A by calcula-
tion, based on the chemical analyses, RC-334 has about half as much crystalline
CjA by XRD. The difference in these two cements and their sulfate resistance
was discussed extensively in a 1965 report.4 At that time it was concluded
that since they were similar in calculated C3A content but differed signifi-
cantlyv in amount of crystaline C3A by XRD, the difference was that some of the
uJA was olassy and that this explained their differing behavior to sulfate
attack. The slags are shown to be largely glassy with small amounts of crystal-
line quartz, calcite, and melilite (RC-216(4) only).

21. Mortars. Table 5 shows expansion data through | year for the 16
mortar mixtures. No bars were made with the low-alkali and high—CBA cement
RC-334. The chert gravel and opaline quartzite combination with high-alkali
cement RC-331 was repeated with substantially more expansion the second time.
Since this testing was done when there was difficulty in obtaining the nearly
100 percent relative humidity within a container that is required for this
test, the presumption is that the humidity was lower in the initial test. The
same aggregate combination with the other high-alkali cement (RC-332) was also
repeated, both sets of results were similar so humidity was not a problem.

Note that expansion with high-alkali and high CgA RC-332 was approximately
twice what it was with high~alkali and low CgA écment RC-331.

22. Inclosure 3 is « petrographic report about examination of 12 of the

16 mortar bar sets (Table 5) after testing was stopped after 1 vear. This
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Table 1

NE Anan SEan Shar Bage But Segs dees Ba 4

Analysis of Sea Water from St. Augustine Exposure

Station, Made by Chemistry Section, CD

Reported 9 September 1958

Constituents ppm Equivalents
Suspended Solids 160.0 -
Dissolved Solids 38,610 -
Dissolved SiO2 6.0 -
Dissolved R203 7.0 -—
Dissolved Ca 430,2 21.46
Dissolved Mg 1,340.0 110.2
Dissolved Na 11,130 484.1
Dissolved K 447 11.43

627.19
Dissolved Cl 20,460 576.9
Dissolved SO4 2,780 57.88
634,78
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Figure 1. Mortar-bar expansions
of high-alkali cements with reactive
aggregate
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Figure 2. Mortar-bar expansions
of high-C4A cements exposed to
sulfate attack
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36. Two cements (RC-332, 334) with similar high amounts of calculated
C3A but different amounts of crystalline C3A by XRD reacted differently to sul-
fate attack. The one with more glassy aluminate (RC-334) showed more and
longer-term expansion as if the glassy phase was slower to react; perhaps be-

cause it was combined with other more slowly reactive phases.
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that should show the effects of alkali-silica reaction only, and seven mixtures
showing the effects of sulfate attack only. Armed with a knowledge of the ma-
terials used and consideration of the test results that have been described, it
is apparent that this intent was generally successful. The mitigating effect
of different pozzolans or slags on these reactions was recognizable. However,
since they were not necessarily used at their optimum amounts, the effects were
often limited in scope or duration.

31. Due to the fact that the two high-alkali cements (RC-331, 332) dif-
fered in type of major alkali, sodium or potassium, as well as being low or high
in C,A, comparisons between the effects of these cements was never definitely

3

as simple as being due to C,A or to type of alkali. However, comparison did

indicate that the higher pozassium cement (RC-332) did cause more and quicker
expansion due to alkali-silica reaction than did the higher sodium cement
(RC-331). This is shown graphically in Figure 1 which was used in the 1959
presentation at the ACI Convention.

32. The use of XRD to show that two high-C_A cements (RC-332, 334) of

3
presumably similar C3A contents actually differed with RC-332 containing much

more crystalline C_A was considered significant. Each cement led to signifi-

cant expansion due3to sulfate attack (Tables 6, 7) with the one (RC-334) having
the smaller amount of crystalline C3A, and presumably more glassy aluminate,
causing more longer-term expansion before any breakage of bars occurred. This
suggests that liberation of incorporated aluminate by other phases took longer
than the quicker reaction (i.e., <56 days) of crystalline C3A. These results
are shown in Figure 2, also from the 1959 ACI paper.

Conclusions

33. The effect of combined alkali-silica reaction and sulfate attack on
concrete or mortar is faster and more destructive than the effect of either re-
action by itself.

34, When slag or a pozzolan is to be used to mitigate the effect of
alkali-silica reaction or of sulfate attack on mortar or concrete, it is prefer-
able that enough advance experimentation be done with this material to determine
the optimum amount of it to use for this purpose.

35. High potassium content in a cement caused more alkali-silica reaction

than did high sodium content.

11
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general, one can predict specimen behavior from a knowledge of materials com~
binations. For example, the combination of low-alkali and low—C3A cement RC-333
with limestone or siliceous aggregate with 5 percent quartzite (Mixtures 3, 2)
should be satisfactory, and it was through the 16 years of testing. On the

other hand, the combination of high-: ali and high-C_A cement RC-332 with

siliceous aggregate and 5 percent quartzite (Mixture z) should fail, and all of
the beams had failed by 1960 after about 5 years of exposure to the marine
environment.

27. Inclosure 4 is a 1958 petrographic report describing examination of
two failed beams (1823, 1850) from the St. Augustine exposure and of the four
project cements. Beam 1850 had obviously failed because of deleterious chemi-
cal reactions but Beam 1823 showed only negligible reaction and was probably
broken by accident during handling. The report concluded that the much higher
potassium content of cement RC-332 in Beam 1850 was probably the major explana-
tion for the different behavior of the beams. It also speculated on possible
interaction effect of one reaction (sulfate attack) on another (alkali-silica
reaction).

28. Inclosure 5 is a 1957 petrographic report and memorandum about exami-
nation of three failed St. Augustine concrete specimens from a different test
program. It is included because it is another example of extensive deteriora-
tion of concrete containing a high-alkali and high C3A cement.

29. Inclosure 6 is another petrographic report, written in about 1966,
of a failed beam that was returned from St. Augustine after about 9 years of

exposure. Lt had the same high-alkali and high-C_A cement (RC-332) and reac-

tive aggregate combination as the earlier failed geam 1850, but this later beam
also contained 20 percent fly ash. It appeared that the ultimate fate of this
later beam was the same as Beam 1850, but this fate had béen deferred but not
prevented by the presence of the pozzolanic fly ash. This is not surprising
since later work5 indicated that at least 40 percent of such ash would be re-

quired for maximum effectiveness.
Discussion

30. As indicated earlier, the intent was to make three concrete mixtures
that would show maximum effect due to both types of reaction, to make three

mixtures that should show no effect from either reaction, to make three mixtures

10
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examination showed some evidence of alkali-silica reaction in most sets of
bars, no sign of reaction in the low-alkali and low—C3A cement RC-333 with
chert gravel or this gravel with 5 percent quartzite, and most evidence of this
reaction in the bars made with high-alkali and high—C3A cement RC-332 with
gravel and quartzite. There was no sign of sulfate attack in the form of recog-
nizable ettringite.

23. Table 6 shows expansion data through 1 year for the 10 mortar mix-
tures tested in the Lerch test (CRD-C 232)3 (ASTM: C 452) using all 4 cements.

The high-alkali and high-C_A cement RC-332 mixture and the low-alkali and high-

3
C,A cement RC-334 mixture were both repeated. Reproducibility was probably

sitisfactory in both cases. The use of 40 percent of either slag with RC-332
was relatively ineffective. While they were more effective with cement RC-334,
they still did not reduce expansion to a satisfactory level. The extreme ex-
pansion at 1 year of over 1 percent for the low-alkali and high-C3A RC-334 was
especially noticeable, particularly when compared to l-year expansion of sub-
stantially less than 1 percent for the high-alkali and high-C3A cement RC-332,
As expected, expansion was lowest when alkali and 03A contents were both low
(RC-333).

24, Six mortar mixtures were tested in the Lean Mortar Bar Test (see
footnote to Section 15). Expansion data for these through a maximum age of

609 days are shown in Table 7. These evaluate the high-C.,A cements (RC-332,

334) alone and with 40 percent of each slag. As with the30ther test for sul-
fate resistance, both cements lead to excessive expansion or breaking of bars
with RC-334 bars expanding over 1 percent in less than 1 year. As before, the
data indicate that each slag reduces expansion but probably not enough, espe-
cially at the longer ages.

25. Concretes. Table 8 shows the compressive strength data through 90
days and the static E results through 90 days that were obtained in the labora-
tory for the 18 concrete mixtures. Mixture B was a repeat of Mixture 6 with
3/4-in. instead of 1-1/2-in. limestone aggregate and cement RC-334. Mixture A
was a repeat of Mixture 5 with 19.0-mm (3/4-in.) instead of 37.5-mm (l-1/2-in.)
limestone aggregate and cement RC-332. The mixture designations are those used
in the book that contained all of the field data.l

26. Table 9 contains data from Reference 1 for the beams of these 18

concrete mixtures through the 1970 readings. In addition, the final readings
that were made in the laboratory when 15 beams were returned are shown. In
9
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CORPS OF ENGINEERS,U. 5. ARMy | CETROGRAPHIC CONCRETE RESEWREN
REPORT DIVISION
WATERWAYS EXPERIMENT ) SUMMARY P.O DRAWER 213 ‘
STATION O bETAILED JACKSON, MISSISSIPPI °
SYMBOL: d o.u:iﬂgffecf o | oaTe mepORT INITIA L S:
6510 o e Beaotivigy | SUBMITTED' 16 Sep 154 amm
Weo-L U=5(1) . i1uvlca, Miss,
| : ‘SOURCE: ’
w%gf&‘glé?ﬁ),VICKS-B Mear )Nashville, Tenn.
6-1(20}, VICIS=3 M5-10 YPickstown, S. Mkota .
OM=Z G=2(9}
l. S%ggles. Samples of fiwve aggregates, for use in making concrete
specimens for exposure at St. Aupustine, Flori‘a, were received for petro-
granhic examination. These samples are:
CD Mo. Description Source °
VICKS-3 G-1(29) Danley Limestone Near Nashville, Tenn.
VICKS-2 M5-10 Danley Limestone Near Nashvil.e, Tenn.
WES-1 G=5(3) Natural Chert Gravel Year Utica, !Miss.
WES=1 S=8(3) Natural Sand Near Utica, Miss,
oM=-2 G=2(9) klufa Quartzite Near Pickstown, S. Nakota
L
2. Summry. The coarse and fine aggrepgates of the Danley limeutone
are composed largely of medium-dark grey, unweathered, dense, fine-grained
limestone with lesser amounts of dolomitic limestone, mediumegrained
limestone, shaly limestone, chert, gypsum, and calcite (Table 1, 2); the
particle shane is predominantly pyramidal. The fine aggrerate is excessively
dusty, almost every particle has a coating of loose limestone dust, ®

The natural chert gravel ranges from 99 per cent chert in the
1 1/2-in. = 3/L-in. sizes to 86 per cent chert in the 3/L-in. = ¥o. L sizcs
(Table 3). The particle shave is blockvy to tabular with rounded edges,
Aporuximately t hree=fourths of the chert is dense with the remainder being
either wugrv or porous. A small amount® of the chert in this sample is
chalcedonic. The natural sand is 83 per cent quartz and 16 per cent chert ®
(Table L)3; particle shape ranges from spherical to irregular with sharo or
round~d edges. The color is wvellowish prev,

The Klufa quartzite is about 70 per cent quartz, lli per cent opal, and
13 per cent clay and feldspar (Table 5). The sample contains both weathered
and urweathered rock; the weathered rock surf :.ces are partly covered with
plants, probably licnens., The color on fresily broken surfaces is light o
olive grey. It is a very fine-grained, dense rock. 1

6 Tncls
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CORPS OF ENGINEERS,U. 5. ARMy | ETROGRAPHIC CONCRETE RESEARCH
REPORT DIVISION

WATERWAYS EXPERIMENT 0] SUMMARY P O DRAWER 213
STATION OETAILED JACKSON, MISSISSIPPI

SYMBOL: ongcﬂ‘)_;f‘i;e“ o DATE f;crponr ) INITIALS:

€510 S '(;,re’;:.w ~_1£e§§tivi‘g SUBMITTED: 16 s5ep 155 4D:

FERPE N9 0 33 ROURGE 1T e, o,

;;520\)‘7,5}%5-3 "S-1 Veick: town, 5. NDikota

1. Test procedire, Tepresentative nortione of each ieve froction of
the Nunley limertone and of the natural chert ir:vel and n2tural sand were
examined and classifi-d using cither a sterensconic »r netrosranhic
microscore. Acid and scratch ter-s were alSo 1sed as an aid in classifica-
tion. A number of chert narticles were crushed and examincd in immersion
0il to determine the ~resence or abs<nce of chalcerory bv refractive indices,
The '11fa ruartzite was examined usiny Yernw liffraction methods., 7Tn addition,
ceveral thin sections were made of typical quartzite rock; using a point-
count techninue with the vetrogranhic microscope, fifteen hundred points
were examined and clascified on a thin section of weatlered rock. Thir
rrocess was repeated on a thin section of unweathered rock. These data were
ased to calculzte the composition of the rock.

2. Commosition.

a. The coarse and fine agrregates of the Danlev limestone are
precdomninantly medium-dark rrev, anweathered, dense, fine-grained limestone
witi; lesser amounts of dolonitic limestone, medium-grained limestone,
sialy limest.ne, chert, .~-pswa, and calcite. “ost of the rarticles are
vrramidal in snave; there is a general increase in amount of tabular
varticles witih decreasing particle size, This sample is very sinilar to
other samoies of Dinlev limestone as described in petrographic reports dated
£ septerter 1990 and 2 Aagust 1955. The only real difference bdiﬁf—the
coatins of limectone dust carri~d on most of the sand particles of this
sample.

b. The natural chert ;ravel is 99 per cent chert in the 1-1/2-in.
- 2/lL-in, sizes and £6 per cert cnert in the 3/li-in. - %o, Y sizes. The
biulance of tie smaller size ran-e is larpelv quartz, The chert is of the
dense, wvurr, and porous types with the dense chert making up the bulk of
ite A small amount of the chert was found to be chalcedonic, 1

¢e The nitural sand is vellowishegrev in color and made up almost
entirely of ciartz,which is either soherical or irrepul-r in share,

de. The ¥lufa quartzite is a dense, verr fine=-griined rock, which is
made up of ~uartz ~nd felds-ar prains held torether b-r a matrix of onal and
clay., The cample contains both weatnered ~nd unweathered rock; come of the
weathered rock surfaces are partiaiiy covered 'y nlants, ~robably lichiens, ® |
Two large, hirhlv-fractured, Urown calcite concretions were found on
weatuerrd zurfeces of tae rock. The composition of the weatiered and un-
veathered rock, as determined ty a point-count tecinicue, is orzetically
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retrographic Peport (cont'd)

As

identical. The color on freshly broken surfaces is lipght olive grey. °

2., nescription of constituents of the Nanley limestone.

a. The fine-grained limestone particles are dark brown to dark S
grey with smooth surfaces. Tiny dolomite crystals are present in patches Sl
in the fine-grained rock or as layers adjacent to it at stylolite contacts AR |
in more than one=half of the particles. Stylolites are quite common in this ® 1
rock.

b. The medium=-grained limestone particles are tan to light brown
in color, have smooth surfiaces, and are largely free of dolomitic areas and
stylolites. The rock consists of spherical oolites and angular fine-grained
limestone fragments in 2 matrix of ciear calcite, In the finer sand sizes 4
this category was recorded as calcite and fine-grained limestone. ® |

c. The dolomitic limestone was srouped with the fine-grained
limestone category in the coarse aggregate, *n the sand it was classified
as a separate constituent. Tt ranges in color from light brown to yellowish
green; the particle surfaces have a sugary texture.

d. The calcite was derived in part from the matrix of the medium=
grained rock and in part from a few random pieces of calcite in the coarse
aggrepate., Most of the calcite is found as tiny, clear, crystalline rhombs,

e. The miscellaneous group includes chert, cherty limestone, shaly
limestone, gypsum, and iron oxides, The chert is light grey in color and .
partly chalcedonic. The shaly limestone wzs derived largely from surfaces ®
exposed by the parting of stylolite seams with crushing.

L. Description of constituents of the natural chert gravel and sand.

a., About three-fourths of all the chert is the dense variety.
Color is usually some shade of brown; the particle surfaces are smooth; N
particle shape is blocky to tabular with rounded edges. A small amount of ®
this chert is chalcedonic.* :

b. The vugry chert is brownish in color. The particle surfaces
are pitted with depressions of varying sizes, and the particle shape is
blocky with rounded edges. Many of these particles are oolitic.

c. The vorous chert is usually light in color, tabular in shape, ® )
and highly to moderately absorptive. :

d. The quartz of the gravel is spherical in shape with a wide o
range of colors; that of the sand is spherical or irregular in shape, and R
most of it is the clear type of quarts.

* All 300+ particles in the 3/4- to l-in. size were inspected; 12 were se- ® 1
lected as possibly chalcedonic. A second inspection was made; 6 more were ]
selected. Five of .the 12 and 1 of the 6 (total 6 out of 18) showed chalce- ]
dony to the extent of 10 percent on the average of the particle. Thus, ©
6/300 x 1/10 = 0.2 percent of the sample has been shown to be chalcedony. :

2
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Petrographic Report (conckd

e, The miscellaneous croup includes feldspar, iron oxides, and
various accessory minerals,

5. Description of constituents of the Klufa quartzite.

A, The quartz occurs as clear, spherical grains,

b. The opal is present in the ock as a clear material which binds
all the grains of the rock together, ~pal is known to contribute to un-
desirable reactions in concrete which is made with it. 0pal composes 1l per
cent of both the weathered and unweathered rock.

¢. The feldspar is largely plagioclase. The grains are rounded
and unaltered,

d. The chert is present as d~nse, rounded grains.

e, The miscellaneous categorv includes clay, altered feldspar,
clay coverrd quartz zrains, and various accessory detrital minerals. The
clay is of the il1litic (non-swelling) type; it is the main constituent of
this category and is found thoroughly disseminated througho.t the rock., 1In
addition, scattered throughout the rock are cavities up to one-half in. in
diameter which are partially filled with a pale green, hard, waxlike
material. X=-ray analysis oroves this material to have the same constituents
as the host rock. "he clay content of this material is much higher than the
clay content of the host rock, The feldspar of this category is partially
altersd to sericitic mica and will eventually become illitic clay.
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abundant signs of alkali-aggregate reaction in fairly equal amounts. In
addition, it would be expected that the set represented by Beam 1850 would
show much more signs of sulfate attack than the set represented by Beam 1823.
This examination has shown that the sulfate attack was about as expected,
but the amount of attack by alkali-aggregate reaction and the overall con-
dition of the beams were not as expected. The deleterious effects of the
reactions that beset Beam 1850 were sufficient to cause its failure after
an extremely short exposure time. Beam 1823 showed no deleterious effects
trom the slight alkali-aggregate reaction seen after identical exposure.
The concrete of Beam 1823 appears to be in the same excellent condition at
the time of this writing as it was when originally placed at St. Augustine.

17. As previouslv stated, the only difference in the two beams before their
expusuie at St. Augustine was that they were made with different cements.
lhe cement used in Beam 1850 is high C3A while that used in Beam 1823 is

low C3A (Table 4). The individual alkali content of the two varies in the
following manner:

RC-331 RC-332

(Beam 1823) (Beam 1850)
K»0 0.23% 0.95%
Na»Q 0.79% 0.37%
Total as Najy0 0.94% 1.00%

The difference in C,A content could mean that there is a relationship be-

tween sulfate attaca and attack by alkali-aggregate reaction; one reaction
may act as a catalvst or accelerator to intensify the effects of the other
when both are present. The difference in K50 and Nap0 contents could mean
that potash is a much more active alkali in promoting destructive alkali-

aggregate reaction.

18. A recent paper by C. E. 5. Davis,* writing on the comparison of the
effect of soda and potash on exnansion in cement-aggregate reaction, states
that in general, Ky0 caused more rapid reaction and expansion initially,
less reaction later, and less total expansion than Na,0. Table 3 contains
some of the results of the mortar bar tests that were made as part of this
prozram. A petrographic examination was made of the original group of alkali
mortar bars shown in Table 3. Two of the sets were made with the same com-
binations of cements and agpregates as the two beams returned from St.
Augustine. The results are given in a report dated 5 September !956. The
bars of both sets showed signs of alkali-aggregate reaction. Those made
with the materials used in Beam 1850 were in poor condition and showed more
evidence of reaction than those of the other set. The latter was in good
condition. There was no formation of sulfoaluminate in ecither set of mor-
tar bars. It should be noted that the condition of the mortar bars and of
the beams is strikingly similar. The difference between the two sets of
mortar bars was due entirely to alkali-aggregate reaction in the absence

of sulfate attack. The majority of the evidence that has been presented,
while not conclusive, seems to support the difference in potash and soda
contents of the cements as being the proper explanation for the condition of
Beams 1850 and 1823,

*  Davis, C. E. 5., "Studies in cement-aggregate reaction: XXVI, Comparison

of the effect of soda and potash on expansion.” Australian lournal of Ap-
plicd Science, Vol 9, No. 1, pp 52-62 (1958). An abstract ot this paper
was carried in the Ceramic Abstracts portion of the Journal of the American

Ceramic bocicty, Vol 41, No. 6, p 140 (June 1958).
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adhered to the sides of and filled the outer portions of cracks. Tan

colloform calcite coated the areas within the tiny circles. The colloform

calcite was made up of wedge-shaped crystals in spherulitic arrangement.

Ihe calcite-gel mixture formed white, translucent coatings. o

Beam 18:3

12, lhis beam, which was made with a high-alkali and low-CiA cement, was
in good phvsical condition (Photographs 3, 4). There were signs of slipht
alkali-aryregate reaction but no indication that it has been detrimental
to the concrete.

13, ixterior surfaces. The outer surfaces were covered with marine shells.

fne excellent condition of the concrete was indicated by the following
observations:

a. o disintegration, such as edge or corner rounding, pop-outs or [
surtdace pits, was visible.

b. liwre was no surtace cracking.
¢. fhe color ot the mortar was light gray.
d. lhe beam yave a clear ring when struck with a hammer. ®

e. lhe beam was extremely divficult to break into pieces, even when
4 sledee hammer was used.

14. intericr surfaces.

4. MERalbi-aggregate reaction.  The evidence of reaction was the pros-
viice wioa Little sel in one void and on the surface of one aggreyate parti-
e and the condition of the Klufa quartzite particles.  The opaline matrix
ol 1 tew particles had partially vanished leaving groups of loosely bonded
sand crains behind. Tt was possible to scratceh, very slightly, the surtaces '*j
ot wost oquarteite particles with a steel needle. Fresh Klufa quartzite,

dn oreceived tn the laboratorv, caunot be scratched in this manner. ®

b, Jultate attack. he absence of sulfoaluminate crystals indicates
tnat there has been no sulfate attack on this bean.

o, tae results of the NRD examination of the four portland cements are o

contained in lables 3 and 5. Table o contains the results obtained by exami-
aation of cach cement as a powder immersion mount with a petrographic

stiuroscope.

Discussion

L. toncideration o the materials used in these beams and the tope ot 1
caposture thes had would Tead one to predict that both sets would show




to its length, and examined with a stereoscopic microscope. Special atten-
tion was devoted to the presence of cracks that could be attributed to
alkali-aggregate reaction.

5. XRD patterns were made of each of the four cements, using the XRD-3D
diffractometer with nickel-filtered copper radiation, 4-degree target angle,
49 KVP, and 16 milliamperes at slow scanning speed. The relative amounts

of crystalline C3A were determined by scaling the 2.70-A peak of eacn cement.
The apex of the peak was tuned in manually and scaled three times, at each
of two locations on each sample surface, and the six values were averaged.
The reverter was checked for 95 percent acceptance before and after these
peax height determinations; it was adjusted for 93.5 percent acceptance for
the background determinations. Background was determined by plotting a
straight line through the chart background from 20 to 40 degrees two-theta,
and taking the position of the line under the apex of the 2.70-% peak as the
background count.

6. Powder immersion mounts of each cement were examined with a petrographic
microscope.

7. Several photographs were made,
Results
Beam 1850

8. This beam, made with a high-alkali and high-C3A cement, was in poor physi-

cal condition. An unusually large and pure sample of alkali-aggregate reac-~

tion gel, about 1/2 in. in diameter and 1/8 in. thick, was found on the outer

surface of the beam. Table 1 shows results of XRD, chemical analysis, and ®
microscope examination of the gel.

9. The outer surfaces were overgrown with marine shells. Cracks were seen
on the surfaces (Photograph 1); the mortar was chalky white rather than gray.
Striking the beam with a hammer produced a drummy sound, and the beam was
easily broken with a hammer.

10. Table 2 summarizes the evidence on alkali-silica reaction in Beam 1850.

Photograph 2 shows interior cracking. Ettringite was very abundant on the

surface of many chert particles, lining old cracks, and in many air voids.

It did not completely fill the voids as it sometimes does when it is this

plentiful. The sulfvaluminate and gel are what produce the white color of

the mortar. During the examination of thin sections, one microcrack in the

mortar was noted in which sulfoaluminate had plainly been deposited before L
the accompanying gel. Sulfate attack may have commenced in this volume at

least before alkali-aggregate reaction. Most of the microcracks were empty

or the sequence of secondary deposition was not clear.

11. Crack sealing materials. Some c¢f the surface cracks were healed (Photo- .
graph 1), most commonly by calcite, or by a mixture of ygel and calcite. ° )
Some of the calcite was light brown or tan and formed as adjoining circles

(< l-mm diameter) with tiny vertical walls (<l mm high). The calcite
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Corps of Engineers, USAE Petrographic

Report
P, 0. Box 631 o
Vicksburg, Mississippi
Project Sva-Water Exposure Tests, Alkali- Date -June 1958
[Aggrepate Reactivity ADB

Svmbol: 545-6510/71
serial No.: RC-331, RC-332, RC-333, RC-334, Beam 1850, Beam 1823

Samples

l. A large group of 6- by 6- by 30-in. concrete beams was installed at the
St. Augustine Exposure Station during the Fall of 1955. Two of these beams
;wvrc returned to the Concrete Division (CD) in November 1957, and stored in
cthe moist room until examination was started in March 1958, Beam No. 1350
P (RC=332) was one of a group of six which had shown distress by the time of
,their first inspection in August 1956. Beam No. 1823 (RC-331) was one of ai

wroup of six which showed no distress at that time.

|
|
|
]
|
I

)

12, The beams were made with the same mixture proportions, using a natural
ysand (WEsS-1 $-8(3)) and chert gravel (WES~1 G-5(3)); 5 percent by volume of'
. the gravel was replaced by reactive Klufa quartzite (OM-2 G-2(9)). The two )
ibcams differed only in cement as far as intentional variables are concerned
{5. The four portland cements used in this program were examined by X-ray
'diffraction (XRD) with particular emphasis on crystaline tricalcium alumi-
nate content. Two of the cements (RC-332, RC-334) had previously beem exam+
ined and the results reported 21 August 1956 in accordance with Memorandum
tor All Concerned No. 662-D. Sources and serial numbers of the cements are ®
‘shown below:

'Ch Serial No. Type
|
RC-331 Lone Star Cement Corp., Norfolk, Virginia II
RC-332 Glens Falls Cement Co., Glens Falls,
i New York
! RC-333 Permanente Cement Corp., Permanente, I1
California
RC-334 Universal Atlas, Buffington, Indiana I

Test Procedure l

1€8t trocedure |
4. Megascopic examination of the beams began immediately after they were |
‘removed trom the moist room. The exterior appearance and condition of each[
‘was noted; the surfaces were examined for cracks, and each beam was struck |
‘several times with a hammer to determine its general physical condition. !
'Portions of each beam were broken into pieces and examined with a stereo- ;
'scopic microscope.  Samples of secondary reaction products from the inte- {
,rior and exterior surfaces of Beam 1850 were examined with a petrographic .
|microscope. A large pure sample of alkali-aggregate reaction gel from the
isurface of Beam 1850 was examined oy XRD and a chemical analysis of it was 1
made. Several thin sections were made from each beam and were examined wit
a petrographic microscope. A sawed surface was cut from each beam, normal

WES FORM No, »

Incl 4 pev Feb 1970 1115
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SUBJECT: Report of Petrographic Examination of Mortar Bars 4
R
was clear, if liquid, and white or clear, if dried. The interior-void gel - 3
was always dry and usually a combination of clear and white with the clear ’ ' ]
material usually in contact with the sides of the voids. The gel from ‘ :
combination 7 is amorphous; its refractive index is between 1.414 - 1.446. _—
8. The following remarks apply only to the set of bars from cembination 7 }.ﬂﬂlﬁ:
(bigh-alkali, bigh CjA cement with reactive aggregate): R
®
a, There was a great desl of alkali-aggregste reaction. -
b. Fine cracks were visible on the surfaces of the bars. 4
J
c. The bars were physically weak and could be broken easily by hand, i
d. Expansion after one year was greater than one-tenth of one per L
cent.
9. The bars of all combinations except those of No. 7 were essentially
in good conditionm. ]
4
o
2 Incl ]
Tables 1, 2 9
»
.
»
4
»
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REFER TO SYMBOL

SUBJECT: c Examination of Mortar Bars

PROJECT: Exposure of Specimens
(Job 6510, Memo: 662-A

St. Augustine

FROM: A. D. Buck through K. Mathég and B, Mather

TO: C. H. Willetts

P S

l. Twelve sets of mortar bars containiné\er combinations exposed at
St. Augustine to determine the effect on alkali-aggregate reactivity of C4A

content have been examined and the results are shown on Tables 1, 2, ,.
2, Six combinations (1, 2, 3, 10, 11, 12) contained aggregates believed S
to t : unreactive or slightly reactive, Table 1 indicates that the high-alkali .
cement combinations developed a little more reaction than the low-alkali cement o]
combinations. A
o |

3. Three combinations (4, 7, 9) contained reactive aggregates, two with L
high-alkali cements (4, 7) and one with low-alkali cement. The two with high- e T
alkali cement both reacted. The one with low-alkali cement reacted less than SN
any other combination except 12.

4. Three combinations (5, 6, 8)contained reactive aggregate and pozzolan, . {
All three showed some signs of reaction; the two combinations with Monterey ® 4
shale showed iess reaction than the one with fly ash.

5. There was no formation of sulfoaluminate in thege bars. . '*ﬂ

6. Bvidence of alkalli-aggregate reaction was found in all bars except .
those of combinations 9 and 12 (low-alkali, lov-c3A cement). The reaction °
was extremely slight {n the bars of the two sets made with low-alkali cement 4
vhich did react. ]

7. The evidence for alkali-a,ggregate reaction was in the form of gel ’ BN
in combinations 1, 2, 3, 10, 11, 6, and 8 and in the form of gel, cracks, o
and incipient popouts in combinations 4, 5, and 7. The gel was found on the
bar surfaces and lining or filling interior voids or both. The surface gel ®
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Table 2
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Mettods of ldentification

X-ray Petro.raphic Acad Phase Composition
Samples Diffraction Microccope Test Dia;ram of Sample
- Glass - - Glass > 90%
RC-215(4) Melilitae Mclilite - Melilite Melilicte
Calcite Calcite Calcite - Calcite(a)
Quartz Quartz - - Quarcz(t)
- Giasa - - Glass @ 907%
RC-2906 Caicite Calcite Calcite - Calcite(a) - Major
Quartz Quartz - - Quarcz{(d) - Minor

(a) Calcite is a common surface alteration product of

slazs,

(b» Quartz is a common contaminant of slags.

finely ground quenched
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Crvatalline CiA Determined bLv:

Table 1|

Calculation from Chemical Analysis

X-ray Diffraction,

l'er Cent

Samples Counts per Second Standard Mettod(a) Swayze's Method(P)
RC-332 195 14 9.9
RC-334 1) L3 10,2
RC-334(C) No peak 2.2 2.2
RC-337(C) 125 1.6 5.2
RC-33E(C) 159 11.6 11,9
RC-339(C) 130 8.7 3.7
RC-340(C) 215 13.3 12.1
RC-341(C) i%0 12.4 8.9
RC-367(C) 200 10,5 4.5
RC-345(C) 130 i2.3 7.4

(a) Note 2, Table I,
(b) Swayze's Method:
- Al 043 inCA

Total A120

Fed. Spec. S5-C-192a (CRD-C 200-54).

1.276 (Wt of Fey03) = Wt of Alg03 in CgA2F,
= regidual Alp05.

2.55 (A1203 resxduax) = 8 Z (Am, Jour. Sci., 244,

itdtintdetuintointmsdth o I..'ll.i"-l CAOACRRSCRNE

1946, p o4),
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Petrosraphiic Report (Cont'd) Symbol: 6510  Serial No. RC-332,334,

(CW 603) RC-216(4), RC-296

Date: 21 Auypust 1956

b. Blast~-furnace slazs, Examination of these two slags (Tahle 2)
indicatcdthat eacn is essentially identical to previous samples from the
sane sources, Thurcfore, there is every rcason to expect hehavior similar
to that of their counterparts in the blended cement and portland blast-
furnace &ia, cenent programs, Neither of these slags contains any crystal-
line C3A; no blast-furnace slay made under normal conditions should con-
tain any crystailine CjA. RC-296 was wore efficiently quenched than RC-216(4).

i
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EETROCRAPHIC CONCRETE RESEARCH ]
. 8. ARMY -_—
CORPS OF ENGINEERS,U. S. AR A EPORT eision
WATERWAYS EXPERIMENT PO DRAWER 213
STATION JACKSON, MISSISSIPPI
) PORT INITIALS!
SYMBOL: PROJECT: §ea.vater gGTaEA gr.“%l |
6510 (CW 603) Exposure Tegts 2L August 1936 ADB
SERIAL NO: RC-332, | SOURCE' RC-332 - GlensPalls Cement Co., RC-)JQ'-
334; RC-216(4) Univ, Atlas, Buffington, Ind,; RC-216(4) - B.rminghau

RC=-29h Sleg Co,. RC-29% - Seouthern Couent Ca

Incl 2

1. Samples, The samples described below have been examined:

Serial No. Class of Material

RC=-332 Type 1, high-alkali, high C3yA, portland cement.
RC-334 Type I, low-alkal{, high C3A, portland cement.
RC-216(4) Water-quenched blast-furnace slag,

RC~296 Water-quenched blast-furnace s.ag.

2., Test procedure. X-ray diffraction patterns were made of each
sample, using the XRD-3D diffractometer with nickel-filtered copper
radiation, 4-deg target angle,at 49 RKvp, 16 wa, slow Bcanning speed,

The relative amounts of C3A in each cement were determined by scaling
the 2.70-8 peak. The apex of the peak was tuned in manually and scaled
thiree times, at each of three locations on each sample surface, and

the nine values averaged, Background was determined by plottiag a
straight line through the chart background from 20deg to 40 deg 2-theta,
and taking the position of the line under the apex of the 2.70-% peak

as the background count. The clinkers of the cements in the portland
blast-furnace slag cement program were re-examined by this procedure.
Values reported in Table 1 are average peak heights minus backyround,

The slag patterng were compared with patterns of slags from the same
sources cxamined previously. In addition, the slags were examined with
a petroyraphic microscope; ctests for magnetic materials and for reactions
in dilute hydrochloric acid were made, The major oxides, CaQ, Al,04,
$i0,, and MgO were recomputed to 100 per cent from the chemical ana{yses,
and the recalculated compositions plotted on the appropriate phase
diagrims to compare the constitueats identified with those expected(l),

3. Results,

4. Portland cements. Table | compares crystalline C3A in these
cenents and in the PBFSC clinkers, as estimated by diffraction and by
calculation from cliemical analyses. The difference in amount of crystalline
C3A tn RC-332 and RC-334 as determined by the X-ray method ig reparded as
significant, and it is expected that the behavior of these cements should
reflect this difference whenever the crystalline C3A conteat 18 a primary
factor in affecting behavior.,

(L)Y E. P. Osborn et al,”Optimum Composition of Blast-Furnace Slag as
Deduced from Liquidus Data for the Qu‘gegngry System CaO-Mzo-A1203~5102.“
Journal of Metais, pp 3~15, 1954.
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Table 5

COMPOSITION OF OM-2G-2(9) - KLUPA QUARTZITX

Weathared Rock Unweathered R o
Constituents Per Cent(a) Per Cent!®
Quartg 70 67
Opal 14 14
®
Feldspar 7 5
Miscellaneous(®) 6 11
Chert 3 3
Total 100 100 )

(a) Determined by counting 1500 points on a thin section of typical
rock using a point~-count technique and a petrographic microscope.

(b) Counsists of illitic clay, altered feldspar, clay covered quartz, and
various accessory dstrital minerals. e
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Table 4
C3A in Four Portland Cements
‘ X-Ray Intensity,
C3A Calculated from counts/second on Peak Location,
CD Serial No. Chemical Analysis 2.70-A Peak in Angstrom Units
RC-332 14.2% 310¢®) 2.704
RC-331 5.4% 235 2.710®
2 RC-334 13.4% 2053 2.699
RC-333 4.47 Not detected
(a) The ratio of 310/205 is about 3:2. The values given in the previous re-
port were 195/100, or about 4:2. The change in intensity values is due
largely to changes made in the equipment during the interim. The agreement
r- between the two ratios is considered quite satisfactory.
» (b) This is two peaks, one at 2.704 due to C3A, one at 2.720 is a substituted
calcium silicate. The 2.704 peak is stronger than the 2,699 peak of RC-334.
®
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Outer surface of Beam 1850 (X1.5) showing cracks and marine shells. Some of

the healed cracks are shown by the inked lines. " :,
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Sawed surface of Beam 1850 (X1.5) showing internal cracks,

-

Photograph 2
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surface of Beam 1823 (X1.5) showing marine shells.

Note absence of cracks.

Photograph 3
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Sawed surface of Beam 1823 (X1.5). Note absence of internal cracking.
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CORPS OF ENGINEERS, U. S. ARMY
DoRESS HERY TO: OFFICE OF THE DIRECTOR
THE DIRECTOR WATERWAYS EXPERIMENT STATION

'AYEQWO:VS EXPENIMERT SATION VICKSBURG, MISWISSIPPI

U S ARMY
? O BOX
NICNSH L WS ewers

noren vo svwsce _WESCT 14 May 1957

MFMORAND'UM FOR THE FILES:

SYRJECT: E-Series Columns, St. Augustine, Florida

1. Attached is a petrographic report dated 10 May 1957 giving data
on and results of examination of three columns as follows:

Cement Concrete
Year Nap0 Calculated Color of dvidence of
Column “Falled" Eq.,% CJA, % Mortar Deterioration
E-6~H 1950 0.60 4.0 Gray None
£-9-1 1950 0.53 4.6 Gray None
E-32-H 1948 1.02 13.6 Yellowish Large amount of

sul foaluminate,
abundant alkali-
reaction gel

2. The significance of these findings 1s;

a., Only the concrete made with the high-alkali, high-C;A cement
shows evidence of deteriorative processes that led to failure; the other
two '"failed" specimens may repregent breakage due to handling.

b. The examination of E-32-H provides one of the first examples
of distinct alkali-appregate reacticn involving the natural aggregate from
Long Island, New York; and also is an example of concurrent alkali-agyregate
reaction and sulfate attack deterfioration,

3. 1Tt is recommended that these findings be cited in:

&. The next general report on natural weathering {n the series
of which TM 6-226h (Report No. S5), May 1954, is the latest,

h. In the report of the investigation now fn progress, "Exposure
of Specimens at 3t. Augustine, Florida” (Memo. No. 662).

> |
1
Incl BRYANT MATHER , Chief R
Porm 557 Special Investigations Branch .
Conurete Division ﬂ
Incl S
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CORPS OF ENGINEERS, U. S. ARMY EETROGRAPHIC CONCRETE RESEARCH
REPORT DIVISION
WATERWAYS EXPERIMENT P.0. DRAWER 213|
STATION JACKSON, MISSISSIPPI °
SYMBOL: PROJECT: - DATE REPORT INITIA LS
. Sea-water| gUBMITTED:
6510 Exposure Tests 10 May 1957 ADB, WIL
SERIAL NO: SOURCE:
E-6-1!, E-9-H, E-Series Columns
E-32-H St. Augustine, Florida °

1. Samples. Three 6-i{n. by 6-in, by 48-in. concrete columns from the
series made as part of tte Cement Durability Program,(l)which had failed
durin; sea-water exposure tests at St, Augustine, Florida, were returned to
the laboratory in Augiust of 1956 for examination, The examination was con-
ducted to determine, if possible, why the columns had failed, and any unusual
features which might be noted. The columns were identified as E-6-H, E-9-H, ®
and E-32-H. Etach column contained a different cement; each cement was repre-
sented at the exposure station by a set of three columns. 7The same wmixture
proportions, and coarse and fine aggrepate from one source, wers used in all
the ¢ ncrete, 50 that the only variable under test was the cement, The mix-
rare propoitions used in making these specimens were as follows:

Proportions by Wt w.¢ C. P. Nominal ®
Fine Coarse Aggregate gal/ bag, Slump)
Cement Agpregate 1-2-in, - No. &4 l-iu. - [;2-in. bag cu yd in.
1 2.3 1.80 2,71 0.0 5.1 2

The specimens were made during the summer of 1940 and placed at
the exposure station in early October of that year. 7he followinpg table »
glves a summary of the durability factors for the sets concerned during
the years 1940-1956.(2)

Table 1
DFE »
Year
Column 1942 1946 1948 1950 1952 1954 1956
E-6-E 114 119 120 121 115 118 1l1e
«E-6-H 115 122 111 Pailed - - -
E-6-K 112 126 123 120 119 114 120
»
£-9-£ 114 122 Broken in - - - -
Handling
xE-9<H 117 131 105 Fafiled - - -
E<9-K 113 121 127 118 117 114 112
E-32-E 124 125 Failed - - - -
xE-32-H 127 126 Patled - - - - »
E-32-X 127 128 Failed - - - -
(1) First Interim Report, Cement Durability Frogram, June 1942,
(2) Taken from Table 3 of Report No. 5, Tuchnical Memorandum 6-266 and j .
from unpublished data. s
»
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Petrographic Report (Continued) Symbol: 6510 10 May 1957

serial No.:. E£-6-H
E-9-H,
E-32-H
Some data for the cements that were used (s shown in the following
taktle;
Table 2
Type Based Total C3A Content %
on Existing Alkali Calculated Determined by
Cement Clinker Federal Speci- Content, from the Micrometric
Serial Serial fications in Expressed Chemical Analysis of
No. Yo, 1942 as Na,0,% Analysis Clinker
E-6(KC-6) E-6 II, plain 0.60 4,6 0.1
E-9(RC-9) E-9 11, plain 0.53 4.6 0.3
E-32(RC-29) - (3) I, air-entraining L2 13.6 -(a)

(a) No E-32 clinker was sampled.

2, Test Procedure, The condition and appearance of the specimens
wassobserved. The ring produced by striking the concrete with a hammer
was observed., The toughness of the concrete was checked by using a hammer
to break up portions of each specimen, Since the outer surfaces were
covered with shells, etc., from the sea, the detailed examination was
made on concrete from the interior of each column. Fresh broken and sawed
surfaces of each specimen were examined using a stereoscopic microscope.
A saw cut was made normal to the length of each column about six inches
from the end; a series of adjoining thin sections were then made across
the mid-portion of each surface from one gide to the other. A petrographic
microscope was used to examine these sections and o check reaction products
found {n the concrete, The companfon surface to each of those from which
the thin sections were made was examined at 45X and at 60X with a stereo-~
scopic microscope for the presence of microcracks. A point-count technique
with a 3,/8-in. point spacing was used, A General Eilectric XRD-3 diffractometer
employing nickel-filtered copper radistion at 49 kilovolts and 16 milliamperes
was used to obtain diffraction patterns of the clinkers of E-6 and E-9 and
of the mortar from column E-32-H.

3. Results,

a. General Statement. Examination of column E-32-H indicates
that it {s entirely reasonable and to be expected that it and the remainder
of the set failed during test, The failure was due to the damage suffered
through the mechanism of alkali-aggregate reaction and the formacion of ex-
cessive amounts of calcium sulfoaluminate. On the other hand, examination
of columns E-6-H and E-9-H has revealed no obvious reason or reasons for
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pPetrograpiic Report (Continued) Symbol: 6510 10 May 1957
Serial No.:

E-6-H,
E-9-H,

E-32-H

their failure. These columns would still be in Fiorida undergoing test
were it not fcor the sinple break ln each which was respongible for their
return to the laboratory.

b, General Observations.

(1) The mortar of column E-6-H and of E-9-H is medium gray
in color; there is no siyn of alkali-agyregate reaction; some calcium
sulfoaluminate {s present in voids and also may be found occasionally where
mortar a.d ag,regate meet., The concrete appears to be in good condition,

(2) The mortar of column E-32-H is very, very light yellowish
gray in color. This color is probably associated with secondary reactions,
but it may he due to the color of the cement itself. There is a large
amour.t of calcium sulfoaluminate in this specimen; it is found in voids
and in aguregate sockets or on aggreiate surfaces. Alkali-reaction gel
is abundant in voids, on aggrepate surfaces, and in mortar. The concrete
of this specimen is not in as yood condition as the concrete in E-6 and
E-9.

(3) Zxamination of the thin sections gave results consistent
with the observatiuns made with the stereascopic microscope. In addition,
the sections showed that the depth of carbonation of the concrete surfaces
was less than one-half inch.

(4) There are essentially no cracks, large or small, in the
interiors of specimens E-6-H and E~9-H. The debris and shells on the outer
surtaces made it impossible to examine them for cracking with any success,

(5) No unusual features were present in the X-ray patterns
of clinkers £-6 and E-9. The amount of crystalline CjA in each of these
two clinkers appears to be below f{ive per cent; this was determined by using
the X-ray wethod reported in Miscellaneous Paper No. 6-201, March 1957,
These results are in ,00od agreement with those shown in Table 2 of this
report. No sample of the cemeat or clinker of E-32 was available for study.
The pattern of the ricrtar of E-32-H confirmed the findings which had been
made by visual and mi:roscopic examination of it,
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Incl 6

Corps of Engineers, USAE Petrographic
Waterways Experiment Report Concrete Division
Station P. 0. Drawer ?13!
Jackson, Mississippi
Project Sea Water Exposure, Date About September 19
Alkali-Aggregate Reactivity AB, BA
Sample

1. One 6- by 6- by 30-in. concrete beam described below was examined as
directed by Memorandum for All Concerned No. 662.

2. The beam was installed at the St. Augustine Exposure Station during
August 1955. It failed in 1964 and was received at the Concrete Division
(CD) for examination in August 1966. The beam identification number was
either 1926 or 1928, but positive identification was impossible due to the
presence of numerous marine shells covering the entire surface of the beam.
Beams 1926 and 1928 were two of a group of nine beams made to the same mix-~
ture proportions using high-alkali and high-C3jA cement (RC-332), natural
sand (WES-1 S-8(3)), natural gravel (WES-1 G-5(3)) containing 5 percent ‘
Klufa quartzite (OM-2 G-2(9)) and 20 percent fly ash as a cement replace-
ment material. The cement factor of this set was between 4.5 and 5.8 bags/,
yd’, water/cement ratio was 0.5 by weight, air content was 5.0 + 0.5 per-
cent, and the slump was 2-1/2 + 1/2 in. Six of the beams were sent to the
St. Augustine Exposure Station and three stored out-of-doors at the CD.

Test Procedure

3. The surface of the beam was examined for cracks and struck several time(
with a hammer. A photograph was taken to show the effects of reactions. T
The beam was broken and portions of it were examined with a
stereomicroscope. |
4. The beam was sawed normal to its length to expose a fresh surface and
several thin sections were made from this surface. Special attention was
devoted to cracks and possible alkali-aggregate reaction in selecting areas
for thin sections. The thin sections were examined with a petrographic
microscope on a comparative basis with sections already made from Beams
1850 and 1823. Beam 1850 had shown heavy alkali-aggregate reaction and sul
fate attack while Beam 1823 had shown only slight alkali-aggregate reaction
when examined in November 1957. Beam 1850 differed from Beam 1926 or 1928
in that it did not have fly ash as a cement replacement material. Beam
1823 was made with a different cement and contained no fly ash.

5. The beam, 1926 or 1928, was also compared with Beams 1924, 1927, and
1930 which have the same mixture proportions. These three beams were in-
stalled outdoors at the Concrete Laboratory during September 1955. The
beams were compared by visual appearance and by determination of relative
E.

Results 1

6. This beam, made with a high-alkali and high-C3A cement (RC-332), was
in poor physical condition as a result of alkali-silica reaction and prob-
able sulfate attack.
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- 7. The center of the beam was deeply and severely cracked around all four
sides and had lesser cracks around all four sides at one end of the beam.
The cracks perpendicular to the centerline of the beam were connected by
lesser cracks running parallel to the length of the beam.

[ N

8. The beam was broken in the center where the most severe cracking had oc-

curred. The beam had been penetrated nearly to its center by sea water and

had a dark yellowish green color like the outer surface of the beam. A white

and powdery reaction product was quite evident around the aggregate particles :
and in lesser amounts on the surface of the mortar. One reaction product ®
and possibly two were confirmed under the stereomicroscope.

9. Freshly sawed surfaces of the beam revealed numerous fine cracks through-

out the beam which generally propagated from aggregate particles which had

been subjected to alkali-aggregate reaction. The reaction was especially

noticeable in the reactive quartzite particles where the opal cementing agent

had been dissolved leaving individual quartz particles loose or in a spongy ]
mass. Photograph 1 shows three reacted quartzite particles where the core

of the particles was unaffected. Other signs of reaction included the ob-

vious expansion of the beam, gel found in cracks and other voids, and the

reaction products on the surface of many chert particles.

Summary ®

10. Consideration of the materials used in this beam and of the type expo-
sure it had been subjected to would lead one to predict that alkali-silica
reaction was to be expected. It would also be expected that sulfate attack
through the medium of sea water would occur.

11. The other three beams of this set, exposed outdoors at the Jackson, ; ‘

Mississippi, Suboffice showed no signs of distress except for a very fine

crack on one end of Beam 1927. The crack obviously was so small that it did

not affect its 1966 percent E reading which was 100, or else the cracking oc-

curred after the reading had taken place. The crack in Beam 1927 may be the

beginning of alkali-silica reaction proceeding slowly as would be expected

without the aid of sulfate attack and with only occasional and limited amounts .

of water. o
o
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ble; many of these are filled with secondary deposits. Three reacted quartzite
particles are marked with an X; these particles illustrate cases where the core
of the particles was unaffected by the reaction

Photograph 1

- Sawed surface of Specimen 1926 or 1928, X1. Note the many cracks which are visi-
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